T2K reports its first results in the search for CP violation in neutrino oscillations using appearance and disappearance channels for neutrino-and antineutrino-mode beam. The data include all runs from Jan 2010 to May 2016 and comprise 7.482 × 10 20 protons on target in neutrino mode, which yielded in the far detector 32 e-like and 135 µ-like events, and 7.471 × 10 20 protons on target in antineutrino mode which yielded 4 e-like and 66 µ-like events. Reactor measurements of sin 2 2θ13 3 have been used as an additional constraint. The one-dimensional confidence interval at 90% for δCP spans the range (−3.13, −0.39) for normal mass ordering. The CP conservation hypothesis (δCP = 0, π) is excluded at 90% C.L.
T2K reports its first results in the search for CP violation in neutrino oscillations using appearance and disappearance channels for neutrino-and antineutrino-mode beam. The data include all runs from Jan 2010 to May 2016 and comprise 7.482 × 10 20 protons on target in neutrino mode, which yielded in the far detector 32 e-like and 135 µ-like events, and 7.471 × 10 20 protons on target in antineutrino mode which yielded 4 e-like and 66 µ-like events. Reactor measurements of sin 2 2θ13
have been used as an additional constraint. The one-dimensional confidence interval at 90% for δCP spans the range (−3.13, −0.39) for normal mass ordering. The CP conservation hypothesis (δCP = 0, π) is excluded at 90% C.L. Introduction -A new source of CP violation beyond the CKM quark mixing matrix is necessary to explain observations of baryon asymmetry in the Universe. In the lepton sector the PMNS framework [1, 2] allows for CP violation. The first indication of non-zero θ 13 [3] followed by its discovery [4] [5] [6] and then the discovery of ν µ → ν e oscillation by T2K [7] have opened the possibility to look for CP violation in neutrino oscillation.
In this Letter we present the first joint fit of neutrino and antineutrino ν µ oscillation at T2K. The mixing of neutrinos in the three-flavour framework is represented by the unitary PMNS matrix, parameterized by three mixing angles, θ 12 , θ 13 , and θ 23 , and a CP-violating phase δ CP [8] . The probability for ( ) ν µ → ( ) ν e oscillation, as a function of neutrino propagation distance L and energy E, can be written: ν µ survival probability is dominated by the parameters sin 2 θ 23 and ∆m 2 32 , as given in [9] . Comparing electron neutrino and antineutrino appearance probabilities allows a direct measurement of CP violation at T2K. The asymmetry variable (A CP = P (ν µ → ν e ) − P (ν µ → ν e ))/(P (ν µ → ν e ) + P (ν µ →ν e )) and the ν µ (ν µ ) component of the expected T2K flux without oscillations are shown in Fig. 1 . At the flux peak energy, A CP can be as large as 0.4, including a contribution of around 0.1 due to matter effects. The T2K Experiment -The T2K experiment [10] uses a 30 GeV proton beam from the J-PARC accelerator facility to produce a muon (anti)neutrino beam. The proton beam strikes a graphite target to produce charged pions and kaons, which are focused by three magnetic horns. Depending on the polarity of the horn current, either positively-or negatively-charged mesons are focused, resulting in a beam largely composed of muon neutrinos or antineutrinos. A 96-m decay volume lies downstream of the magnetic horns, followed by the beam dump and muon monitor [11] . The neutrino beam is measured by detectors placed on axis and off axis at 2.5
• relative to the beam direction. The off-axis neutrino energy spectrum peaks at 0.6 GeV, and has a reduced ( ) ν e contamination and smaller backgrounds from higher energy neutrinos than the on-axis spectrum. Two detectors located 280 m from the target are used to measure the beam direction, spectrum, and composition, as well as the event rate: INGRID (on axis) [12] , and ND280 (off axis), which is housed inside a 0.2 T magnet. The Super-Kamiokande (Super-K) 50-kt water Cherenkov detector [13] , located off axis and 295 km from the neutrino production point, is used to detect oscillated neutrinos. Analysis Strategy -The analysis strategy is similar to that of previous T2K results [7, 9, 14, 15] : oscillation parameters are estimated by comparing predictions and observations at the far detector. A tuned prediction of the oscillated spectrum at the far detector, with associated uncertainty, is obtained by fitting samples of chargedcurrent interactions at ND280. The analysis presented here differs from previous results in that both neutrino and antineutrino samples are fitted at both ND280 and Super-K. Including antineutrino data at ND280 ensures that the interaction model is consistent between neutrinos and antineutrinos and provides a constraint on the wrong-sign background in the antineutrino-mode beam. Neutrino Flux Model -The T2K neutrino and antineutrino fluxes at near and far detectors, and their correlations, are calculated [16] using a data-driven hybrid simulation with FLUKA 2011 [17, 18] used to simulate hadronic interactions and transport particles inside the target, while GEANT3 [19] with GCALOR [20] is used to simulate the rest of the neutrino beam line. The interactions of hadrons in both FLUKA 2011 and GCALOR are tuned using thin target hadron production data, including measurements of the total cross section for particle production, and π ± , K ± , p + , Λ and K 0 S production with 30 GeV protons on a graphite target by the NA61/SHINE experiment [21] . The uncertainty on the flux calculation is estimated by propagating systematic variations through the flux calculation procedure. Dominant systematic error sources include uncertainties on the NA61/SHINE hadron production measurements, hadronic interaction length measurements from NA61/SHINE and other experiments, the initial proton beam trajectory and the horn currents. The total uncertainty on the flux near the peak energy is ∼ 9%. The ν µ (ν µ ) component of the predicted fluxes without oscillations are shown in Fig. 1 . At the far detector and in the absence of oscillations, we predict that 94.1% (92.3%) of the T2K neutrino-mode (antineutrino-mode) beam below 1.25 GeV is ν µ (ν µ ). Theν µ flux in antineutrino mode is reduced by ∼ 20% relative to the ν µ flux in neutrino mode due to the smaller production cross section for π − relative to π + in 30 GeV p + C interactions. Neutrino Interaction Model -The interactions of neutrinos and antineutrinos with nuclei in the near and far detectors are modelled with the NEUT [22] neutrino interaction generator. The charged-current quasielastic (CCQE) interactions are modelled with a relativistic Fermi gas (RFG) nuclear model with relativistic corrections for long range correlations using the random phase approximation (RPA) as applied by Nieves et al. [23] . The choice of CCQE nuclear model was made based on fits to external CCQE-like data [24] from the MiniBooNE [25, 26] and MINERvA [27, 28] experiments. Interactions on more than one nucleon are modelled with an implementation of the 2p-2h model developed by Nieves et al. [29, 30] . These interactions are characterized by multi-nucleon ejection and no final state pions; hence they may be confused for CCQE interactions in a water Cherenkov detector. The single pion production model in NEUT has been tuned using form factors from Graczyk and Sobczyk [31] and with a reanalysis of ANL and BNL bubble chamber data sets [32] . The coherent pion production model has been tuned to reproduce data from MINERvA [33] and T2K [34] . At the T2K peak energy, the antineutrino cross section is ∼ 3.5 times smaller than the neutrino cross section.
The parameterization of uncertainties in the neutrino interaction model is largely unchanged from previous measurements [14, 15] . Parameters that vary the binding energy, Fermi momentum, 2p-2h normalization and charged current coherent cross-section normalization are applied separately for interactions on carbon and oxygen. To cover the different predictions by Nieves et al. [29, 30] and Martini et al. [35, 36] of the relative 2p-2h interaction rates for neutrinos and antineutrinos, the normalizations of 2p-2h interactions for neutrinos and antineutrinos are allowed to vary independently.
Only the interactions of ν µ andν µ are explicitly constrained by near detector measurements in this analysis. Since the oscillation signals include ν e andν e interactions, it is necessary to assign uncertainties on the cross section ratios σ νe /σ νµ and σν e /σν µ . Following the treatment in [37] , separate parameters for σ νe /σ νµ and σν e /σν µ are introduced with a theoretical uncertainty of 2.8% for each. A correlation coefficient of -0.5 is assumed for these two parameters, accounting for anti-correlated changes to the relative cross section rates that can arise from nucleon form-factor variations. Fit to Near Detector Data -The systematic parameters in the neutrino flux and interaction models are constrained by a fit to charged current (CC) candidate samples in the ND280 [10] near detector. The data sets used consist of reconstructed interactions in two fine-grained detectors (FGDs) [38] with particle tracking in three time projection chambers (TPCs) [39] . FGD2 contains six 2.54-cm-thick water panels, allowing systematic parameters governing neutrino interactions on H 2 O, the same target as Super-K, to be directly constrained. The CC candidate samples in ND280 are divided into categories based on the beam mode (neutrino vs. antineutrino), the FGD in which the interaction takes place, the muon charge and the final state multiplicity. For data taken in neutrino mode, only interactions with a negatively charged muon are considered. For data taken in antineutrino mode, there are separate categories for events with positively-charged (right-sign) and negatively-charged (wrong-sign) muon candidates. The wrong-sign candidates are included because the larger neutrino cross section leads to a non-negligible wrongsign background in antineutrino mode. In neutrino mode, there are three categories for reconstructed final states: no pion candidate in the final state (CC0π), one pion candidate in the final state (CC1π) and all other CC candidates (CC Other). In antineutrino mode, events are divided into two categories based on the final states: only the muon track exits the FGD to enter the TPC (CC 1-Track) and at least one other track enters the TPC (CC N-Track).
When fitting, the data are binned according to the momentum of the muon candidate, p µ and cosθ µ , where θ µ is the angle of the muon direction relative to the central axis of the detector, roughly 1.7
• away from the incident (anti)neutrino direction. A binned maximum likelihood fit is performed in which the neutrino flux and interaction model parameters are allowed to vary. Nuisance parameters describing the systematic errors in the ND280 detector model -the largest of which is pion interaction modelling -are marginalised in the fit.
The fitted p µ and cosθ µ distributions for the FGD2 CC0π and CC 1-Track categories are shown in Fig. 2 . Acceptable agreement between the post-fit model and data is observed for both kinematic variables, with a p-value of 0.086. The best-fit fluxes are increased with respect to the original flux model by 10-15% near the flux peak. This is driven by the pre-fit deficit in the prediction for the CC0π and CC Other samples. The fitted value for the axial mass in the CCQE model is 1.12 GeV/c 2 , compared to 1.24 GeV/c 2 in a previous fit where the 2p-2h model and RPA corrections were not included [14] . The fit to ND280 data reduces the uncertainty on the eventrate predictions at the far detector due to uncertainties on the flux and ND280-constrained interaction model parameters from 10.9%(12.4%) to 2.9%(3.2%) for the ν e (ν e ) candidate sample. Far Detector Data -At the far detector, events are extracted that lie within [−2, 10] µs relative to the beam arrival. Fully contained events within the fiducial volume are selected by requiring that no hit cluster is observed in the outer detector volume, that the distance from the reconstructed vertex to the inner detector wall is larger than 2 m, and that the total observed charge is greater than the equivalent quantity for a 30 MeV electron. The CCQE component of our sample is enhanced by selecting events with a single Cherenkov ring. The ν µ /ν µ CCQE candidate samples are then selected by requiring a µ-like ring using a PID-likelihood, zero or one decay electron candidates and muon momentum greater than 200 MeV/c to reduce pion background. Post selection, 135 and 66 events remain in the ν µ andν µ candidate samples respectively, while if |∆m and sin 2 θ 23 = 0.528 (i.e. maximal disappearance), 135.5 and 64.1 events are expected. The ν e /ν e CCQE candidate samples are selected by requiring an e-like ring, zero decay electron candidates, not π 0 -like and reconstructed energy less than 1.25 GeV. The total number of events remaining in these samples is presented in Table I of the candidate event selections can be found in previous publications [14] . The reconstructed neutrino energy spectra for the ν e andν e samples is shown in Fig. 3 . Thē ν e signal events are concentrated in the forward direction with respect to the beam, unlike the backgrounds. Therefore, incorporating reconstructed lepton angle information in the analysis increases the sensitivity. The systematic errors concerning the detector behaviour are estimated using atmospheric neutrino and cosmic-ray muon events. A sample of hybrid data-MC events is also used to evaluate uncertainties regarding π 0 rejection. Correlations between the uncertainties for the four samples are considered. The fractional variation of the number of expected events for the four samples owing to the various sources of systematic uncertainty are shown in Table II . A more in-depth description of the sources of systematic uncertainty in the fit is given in [14] , although this reference does not cover the updates discussed in previous sections. Oscillation Analysis -The oscillation parameters sin 2 θ 23 , ∆m 2 32 , sin 2 θ 13 and δ CP are estimated by performing a joint maximum-likelihood fit of the four far detector samples. The oscillation probabilities are calculated using the full three-flavor oscillation formulae [40] . Matter effects are included with an Earth density of ρ = 2.6 g/cm 3 [41] . As described previously, the priors for the beam flux and neutrino interaction cross-section parameters are obtained from the fit with the near detector data. The priors [8] for the solar neutrino oscillation parameters -whose impact is almost negligible -are sin 2 2θ 12 = 0.846 ± 0.021, ∆m 2 21 = (7.53 ± 0.18) × 10 −5 eV 2 /c 4 , and in some fits we use sin 2 2θ 13 = 0.085±0.005 [8] , called the "reactor measurement". Flat priors are used for sin 2 θ 23 , ∆m 2 32 , and δ CP . We use a procedure analogous to [15] : after integrating over the prior distributions of the nuisance parameters a marginal likelihood, that depends only on the relevant oscillation parameters, is obtained. We define
as the ratio between the marginal likelihood at the point o of the relevant oscillation parameter space and the maximum marginal likelihood.
We have conducted three analyses using different far detector event quantities and different statistical approaches. All of them use the neutrino energy reconstructed in the CCQE hypothesis (E rec ) for the ( ) ν µ samples. The first analysis uses E rec and the reconstructed angle between the lepton and the neutrino beam direction, θ lep , of the ( ) ν e candidate samples and provides confidence intervals using a hybrid Bayesian-frequentist approach [42] . These results are shown in the following figures. The second analysis is fully Bayesian and uses the lepton momentum, p lep , and θ lep for the ( ) ν e samples to compute credible intervals using the posterior probability. The third analysis uses only E rec spectra for the ( ) ν e samples and a Markov Chain Monte Carlo method [43] to provide Bayesian credible intervals. This analysis performs a simultaneous fit of both the near and far detector data, providing a validation of the extrapolation of the flux, cross section and detector systematic parameters from the near to far detector. All three methods are in good agreement.
An indication of the sensitivity to δ CP and the mass ordering can be obtained from Table I . If CP violation is maximal (δ CP = ±π/2), the predicted variation of the total number of events with respect to the CP conservation hypothesis (δ CP = 0, π) is about 20%. The different mass orderings induce a variation of the number of expected events of about 10%.
A series of fits are performed where one or two oscillation parameters are determined and the others are marginalised. Confidence regions are set using the constant −2∆ ln L method [8] . In the first fit confidence regions in the sin 2 θ 23 − |∆m for the normal (inverted) ordering. The result is consistent with maximal disappearance. The T2K data weakly prefer the second octant (sin 2 θ 23 > 0.5) with a posterior probability of 61%. Confidence regions in the sin 2 θ 13 − δ CP plane are computed independently for both mass ordering hypotheses (Fig. 5 ) without using the reactor measurement. The addition of antineutrino samples at Super-K gives the first sensitivity to δ CP from T2K data alone. There is good agreement between the T2K result and the reactor measurement for sin 2 θ 13 . For both mass-ordering hypotheses, the best-fit value of δ CP is close to −π/2.
Confidence intervals for δ CP are obtained using the Feldman-Cousins method [48] . The parameter sin 2 θ 13 is marginalised using the reactor measurement. The best-fit value is obtained for the normal ordering and δ CP = −1.791, close to maximal CP violation (Fig. 6) . For inverted ordering the best-fit value of δ CP is −1.414. The hypothesis of CP conservation (δ CP = 0, π) is excluded at 90% C.L. and δ CP = 0 is excluded at more The 68% (90%) constant −2∆ ln L confidence regions for the sin 2 θ23 − |∆m 2 32 | plane assuming normal ordering, alongside NOvA [44] , MINOS+ [45] , SK [46] , and IceCube [47] confidence regions. than 2σ. The δ CP confidence intervals at 90% C.L. are (−3.13, −0.39) for normal ordering and (−2.09,−0.74) for inverted ordering. The Bayesian credible interval at 90%, marginalising over the mass ordering, is (−3.13, −0.21). The normal ordering is weakly favored over the inverted ordering with a posterior probability of 75%.
Sensitivity studies show that, if the true value of δ CP is −π/2 and the mass ordering is normal, the fraction of pseudo-experiments where CP conservation (δ CP = 0, π) is excluded with a significance of 90% C.L. is 17.3%, with the amount of data used in this analysis. Conclusions -T2K has performed the first search for and inverted (red) mass ordering. The vertical lines show the corresponding allowed 90% confidence intervals, calculated using the Feldman-Cousins method. sin 2 θ13 is marginalised using the reactor measurement as prior probability.
CP violation in neutrino oscillations using ν µ → ν e appearance and ν µ → ν µ disappearance channels in neutrino and antineutrino mode. The one-dimensional confidence interval at 90% for δ CP spans the range (−3.13, −0.39) in the normal mass ordering. The CP conservation hypothesis (δ CP = 0, π) is excluded at 90% C.L. The data related to the measurements and results presented in this Letter can be found in Reference [49] .
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